
ECOLOGY AND BEHAVIOR

Field Tests of Environmentally Friendly Malathion Replacements to
Suppress Wild Mediterranean Fruit Fly (Diptera: Tephritidae)

Populations

STEVEN L. PECK1, 2 AND GRANT T. MCQUATE2

J. Econ. Entomol. 93(2): 280Ð289 (2000)

ABSTRACT This article reports a large-scale Þeld test of two environmentally friendly malathion
replacements on wild populations of the Mediterranean fruit ßy, Ceratatis capitata (Wiedemann):
spinosad, a bacteria-derived toxin, and phloxine B, a red dye with phototoxic properties. The
comparison test was conducted on 11 coffee Þelds infested with wild populations of Mediterranean
fruit ßy on the Hawaiian island of Kauai with 8-wk protein bait sprays with and without toxicants.
To assess effectiveness, adults were trapped and larval infestation levels were evaluated with fruit
collections.Malathionwas found to be themost effective treatment.However, the two replacements
gave signiÞcant levels of control, and because they are environmentally safer, should be considered
for eradicating incipient populations of this invasive species of fruit ßy. Cage tests were also
conducted to ensure that the wild ßies consumed the bait and to assess how long the bait-toxicant
combination remained effective in the Þeld. Although spinosad and phloxine B were found to be
effective up to 1 wk, malathion remained effective at least 2 wk.
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MEDITERRANEAN FRUIT FLY, Ceratitis capitata (Wiede-
mann), is one of the most destructive pests of fruits in
the world. The larvae attack .300 species of fruits and
vegetables (Liquido et al. 1997). It is thought to have
originated in Africa and from there spread throughout
much of the world between 30o N and 30o S latitudes,
except tropical Asia and controversially, North Amer-
ica (Carey 1991, White and Elson-Harris 1992). Sus-
tained efforts to control this pest are ongoing through-
out theworld, includingAustralia, SouthAfrica, Israel,
Central America, and the Mediterranean area. Be-
cause of its destructive potential to fruit producers in
the continental United States, large-scale monitoring
and action programs have been implemented in states
such as California and Florida to combat the arrival of
this invasive species (Dowell 1988, Siebert andCooper
1995, Dowell et al. 1999).

Malathion bait sprays are used to help eradicate
Mediterranean fruit ßy invasions, but their use has
been controversial because of human health concerns
(Flessel et al. 1993,CaliforniaDepartmentofFoodand
Agriculture 1994, Marty et al. 1994) and harmful ef-
fects on beneÞcial insects, including bees and the
natural enemies of pest insects (Troetschler 1983,
Ehler and Endicott 1984, Hoy and Dahlsten 1984,
Cohen et al. 1987, Daane et al. 1990, Hoelmer and

Dahlsten 1993,Messing et al. 1995). Findingmalathion
replacementshasbeen identiÞedas aprimary concern
for agencies such as CaliforniaÕs fruit ßy action pro-
grams (Dowell 1995, Buchinger 1996). Two possible
malathion replacements, spinosadand thephotoactive
dye phloxine B, are currently under consideration.

Spinosad is an insecticidal toxin of two macrocyclic
lactones called spinosyns A and D, derived from me-
tabolites of the actinomycete bacterium Saccharo-
polyspora spinosa (Sparks et al. 1998). It is the active
ingredient of DowAgro (Indianapolis, IN) insecti-
cides Conserve, SpinTor, Success and Tracer. These
products are effective against many dipteran and lep-
idopteran pests (Adán et al. 1996, King andHennessey
1996, Sparks et al. 1998). Experimental formulations of
spinosad are effective against fruit ßies in the family
Tephritidae, including C. capitata, when incorporated
into protein bait at doses as low as 1 ppm active
ingredient (unpublished data). Spinosad also has very
low vertebrate toxicity (e.g., rat acute oral toxicity
[Fischer 344] LD50 . 3,500 mg/kg [DowElanco
1994]). Spinosad ismost effectivewhenconsumedbut
also can affect insects that have ectodermic contact
with the toxin (DowElanco 1994).

Phloxine B (29,49,59,79-tetrabromo-4,5,6,7-tetra-
chloro-ßuorescein, disodium salt) is a photoactive dye
that has insecticidal properties and is effective against
a variety of insects including the house ßy, Musca
domestica L., C. capitata, and other species of fruit ßy
in the family Tephritidae (Fondren and Heitz 1978,
Heitz 1995, Liquido et al. 1995, Schroder et al. 1998).
When an insect ingests the dye and is exposed to light,
the dye oxidizes within the insectÕs tissues and causes
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death. The speciÞc mode of action of these dyes,
however, has not yet been determined. It has no con-
tact toxicity.An advantageof this dye is that it has very
low vertebrate toxicity. Phloxine B is registered as D
and C Red Dye No. 28 in the United States for use in
pharmaceuticals and cosmetics, with the U.S. Food
and Drug Administration estimating a maximum ac-
ceptable daily intake for humans to be 1.25 mg/kg
body weight per day (Anonymous 1982). Because the
dye must be ingested to be effective, it is considered
safe for beneÞcial insects as they generally do not eat
the bait (Dowell 1997). A formulation of phloxine B
and protein bait for fruit ßies is marketed as SureDye
by Photodye International (Baltimore, MD).

Despite thepotential of thesealternatives,Þeld tests
that provide a direct comparison of the effectiveness
of these toxicants to malathion in fruit ßy bait sprays
has been lacking on wild populations of C. capitata.
Hereinwe report on a large-scale Þeld test to compare
the effectiveness of these three insecticides in con-
trolling wild Mediterranean fruit ßy populations.

Materials and Methods

The testwas conducted on 11 coffee Þeldsmanaged
by Kauai Coffee located in the Kalaheo gulch on the
island of Kauai in Hawaii (Fig. 1). These Þelds were
selected because their isolation from other coffee
Þelds minimized potential immigration of the ßies
after pesticide treatment, and because the population
dynamics of these ßies has been studied for several
years (Vargas et al. 1995). From these Þelds, two were
selected (except for unsprayed control for which
three Þelds were selected) for each of the following
Þve treatments: (1) unsprayed control, (2) control
sprayed with protein bait lacking a toxicant, (3)
sprayed with protein bait containing spinosad, (4)
sprayed with protein bait containing phloxine B, and
(5) sprayed with protein bait containing malathion.
The Þelds were selected rather than randomized be-
cause control Þelds could not be dispersed among
treatment Þelds in the gulch without the risk of treat-
ment effects swamping the effects of neighboring
plots and the potential problems in creating a popu-

Fig. 1. Treatment and control Þelds in the Kalaheo Gulch area on the island of Kauai in Hawaii. Fields 5Ð11 are within
the gulch, a stream bottom area varying between 10 and 50 m below Þelds 1Ð4, which are situated on the western bench at
'220 m elevation. Roads '10 m wide separate each of the Þelds. Control Þelds one and two are surrounded on the north
and west by pruned coffee trees and by scrub vegetation on the south and east, all of which is without fruit to act as host
for the medßy larvae. Control Þelds three and four are surrounded on the north and west by continuous planting of mature
coffee trees and on the south and east by scrub vegetation without Mediterranean fruit ßy host. The walls of the gulch valley
contain scrub vegetation and scattered individuals of volunteer passion fruit, mango, and guava.
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lation sink if malathion plots were placed together.
This spatial arrangement of plots allowed each of the
treatments to be bordered by the other two treat-
ments. Coffee plants were in rows spaced '3.7 m
apart, with Þelds all separated by natural '10-m
breaks. C. capitata is not a strong ßier and does not
disperse far from its place of origin if mating oppor-
tunities are present, and host fruit is available for
oviposition (Plant and Cunningham 1991). Therefore,
the Þelds were assumed far enough apart to provide
independent assessments of treatment effects. Coffee
was commercially harvested in both of the sprayed
control Þelds and two of the three unsprayed control
Þelds in the course of this study. Two weather stations
were set up within the study area to record rainfall,
temperature, relative humidity, wind speed, and wind
direction throughout the course of the experiment.

Bait Spray Solutions. Four different bait solutions
were prepared: control, spinosad bait solution, phlox-
ine B bait solution, and malathion bait solution. The
control was composed of 70% (vol:vol) Mazoferm
E802 (Corn Products, Argo, IL), 20% (vol:vol) inver-
tose (Liquid Sugar Incorporated, Emeryville, CA),
6.0% (vol:vol) water, 2.0% (vol:vol) polyethylene gly-
col 200 (ICN Biomedicals, Aurora, OH), 1.0% (vol:
vol) polysorbate 60 (Soco-Lynch, Los Angeles, CA),
1.0% (vol:vol) soybean oil (Hunt-Wesson, Fullerton,
CA), and 0.6% (wt:vol) ammoniumacetate (Sigma, St.
Louis, MO). The spinosad bait solution was composed
of 0.01%(wt:wt) spinosad active ingredient (amixture
of Spinosyn A and Spinosyn D) mixed into the control
bait. The spinosad (NAF-315; Lot #MB1116OP21)
was provided by Dow AgroSciences (Indianapolis,
IN). This sample consisted of 22.8% active ingredient.
The phloxine B bait solution included 0.5% (wt:wt)
phloxine B (89.0% purity; Hilton-Davis, Cincinnati,
OH) mixed into the control bait. The malathion bait
solution consisted of 20% technical malathion (Fy-
fanonULV,Cheminova,Wayne,NJ) and 80%NuLure
(Miller Chemical and Fertilizer, Hanover, PA). Con-
centrations of toxicants in the bait sprays were based
on preliminary laboratory experiments (spinosad, un-
published data), prior Þeld trials (phloxine B [unpub-
lished data] and spinosad [King and Hennessey
1996]), and standard formulation for aerial spray pro-
grams (malathion). The spray was applied through
two Tee Jet 5500-X2 (for the Malathion bait spray) or
two Tee Jet 5500-X3 (for the other three treatments)
cone jet spray nozzles, one on each side, set to deliver
a slightly loose stream spray, attached to a boom at the
back of an all terrain vehicle. Each coffee row was
sprayed on both sides. Fields for each treatment were
sprayed concurrently with the order of spraying re-
versed each week. Weekly spraying began on 3 No-
vember 1998, after trapping indicated that ßy popu-
lations in most of the Þelds had begun their annual
increase, and continued until 22 December 1998, for
a total of eight sprays.Rate of applicationof bait sprays
averaged 15 liters/ha (malathion bait spray) and 22
liters/ha (other treatments). A lower spray rate was
used for malathion to bring the application rate closer

to the standard used in aerial sprays. Total area
sprayed was 1.20 ha (sprayed control), 2.41 ha (spi-
nosad treatment), 1.68 ha (phloxineB treatment), and
2.12 ha (malathion treatment). Based on the concen-
tration of active ingredients in the bait solutions, the
spray rates, and estimates of spray areas, the applica-
tions provided 2.08, 146, and 3,720 g (AI)/ha for spi-
nosad, phloxine B, and malathion, respectively (ratio
of 1:70:1,790).

Population Assessment. Population assessment was
based on servicing traps weekly and weekly ripe cof-
fee cherry collections. Traps were covered 90 mm
diameter by 150 mm cylindrical plastic tubes with
three 23-mm holes regularly spaced around the sides.
The trap had an open bottom into which a 78 by
127-mm double-sided sticky card was inserted to cap-
ture the ßies. Traps were baited with a synthetic food
bait (ammonium acetate, putrescine, and trimethyl-
amine; Consep, Bend, OR) attractive to Mediterra-
nean fruit ßies (Epsky et al. 1999). Traps were placed
in all Þelds on 25 August 1998, and serviced weekly
until 4 wk after the last spray, at which time Kauai
Coffee harvested and destroyed coffee cherries from
all treated Þelds. Additional traps were added on
26Ð27 October, the week before the Þrst spray, to
increase trap number in each Þeld. A density of nine
traps per hectare with a minimum of three traps per
Þeld was targeted for the trapping scheme, with all
trapsplacedwellwithin thebordersof their respective
Þelds. The sticky panels in the traps were replaced
weekly and the three chemical attractant packages
(putrescine, ammoniumacetate, and trimethylamine)
were replaced every month. These traps have an ef-
fective radius of attraction of '20 m (unpublished
data).

Ripe Fruit Collections. Three-quarters to full ripe
coffee cherries were randomly sampled weekly from
each Þeld from 10 September 1998 to 19 January 1999
to assess level of infestation by tephritid fruit ßies.
Each week, in each Þeld, 25 cherries were taken from
each of 10 points, determined by a randomly selected
interval of one to Þve trees, in four randomly selected
rows. The morning after collection, cherries were
dipped in a 10% bleach solution to reduce mold
growth, allowed to drain, and then placed in 41.0 by
28.0 by 6.3-cm wooden screened bottom, open-top
trays that were then tape sealed into 50.0 by 32.0 by
15.0-cm Þberglass bins with screened openings in the
sides to provide aeration and sand on the bottom to
provide a medium for pupation. The sand in the bins
was sifted 1, 2, and 3 wk later to recover any pupae or
popping third instars, which were then transferred to
cups with sand in which adults were allowed to
emerge. Adult ßies and parasitoids that emerged from
the cherries were identiÞed and sexed. Unemerged
pupae were dissected for species identiÞcation and
assessmentofparasitization.TotalMediterranean fruit
ßy per kilogram of coffee was calculated based on the
sum of emerged adults, unemerged and partially
emerged pupae, and all recovered parasitoids. Parasi-
toids were included in the total because, for the pre-
dominant Mediterranean fruit ßy parasitoids, one
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parasitoid emerged per parasitized pupa, accompa-
nied by the death of the Mediterranean fruit ßy. The
sum of the recovered Mediterranean fruit ßies plus
parasitoids thusprovides a goodoverallmeasureof the
coffee infestation level.

Cage Tests. To further assess the effectiveness of
each of the treatments and to ensure the wild ßies
were eating the bait used for the tests, cage tests were
conducted with leaves that had been sprayed by hand
and ßies that had been caught live in yellow-bottom
plastic dome traps baited with the three-component
lure from nearby coffee Þelds.

Each of the bait solutions was prepared on 27 Jan-
uary 1999. On the same day, they were sprayed on the
underside of coffee branches, '25Ð30 ml per branch.
Coffee branches that were sprayed were '1.0 m in
height, the approximate height of the main spray band
applied by all terrain vehicles in the Þeld trial. For
each test, three sprayed leaves of each of the treat-

ments and three unsprayed leaves were randomly se-
lected, cut, and transported to 30.5 by 30.5 by 61.0-cm
aluminum cages where they were suspended by two
wires, right side up, in the middle of the cages. Cages
were organized in random complete blocks of the
control leaves and the treatment leaves other than
malathion. Cages with malathion bait sprayed leaves
were kept separate from the other cages to prevent
malathion fumes from adversely affecting the ßies in
the other cages. Cages were kept under roofs through
which light could pass and which protected the cages
from rain.

Flies. To capture live wild ßies, yellow-bottom plas-
tic dome traps were set out in a nearby coffee Þeld
wherecherrieshadnotbeenharvested.Each trapheld
the three chemical attractant packages, as used for the
population assessment trapping, plus agar (a water
source). Traps were set out the day before the start of
the cage test and retrieved the morning of the test.

Fig. 2. Trap catch in given treatment Þeld relative to trap catch of unsprayed controls (trap catch in treatment Þelds
divided by trap catch in control Þelds). Bootstrap estimate of pointwise mean ratio of trap catch in the given treatment Þelds
divided by random subsets of trap catch chosen from the control Þelds 1, 3, 11, (Efron and Tibshirani 1993) are given in bold,
and bootstrap conÞdence intervals (0.05, 0.95) of mean ratio are given in lighter lines, both plotted against date. Spray dates
are marked by inverted triangles on y-axis 5 1.0 reference line. If the conÞdence band does not overlap the y-axis 5 1.0, then
there is a statistical difference between unsprayed control Þeld ßy catches and the treatment Þeld ßy catches on that date.
Bootstrap conÞdence intervals are not symmetric. Plots A and B are the two replications of the malathion treatments within
the Kalaheo gulch: Þelds 6 and 10 (Fig. 1). Plots C and D are the replications of the phloxine B treatments within the Kalaheo
gulch: Þelds seven and nine (Fig. 1). Plots E and F are the replications of the spinosad treatments within the Kalaheo gulch:
Þelds 5 and 8 (Fig. 1). Data were not taken in Þeld nine before the beginning of the weekly sprays.
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Bioassay. After leaves had been added to the cages,
ßies retrieved from the Þeld were added to each cage
at 1200hours (HST)andmortality countswerebegun.
Countsweremadeeveryhalf-hour for theÞrst 2h, and
every hour thereafter until 6 h after the introduction
of the leaves. Flies were tested with leaves harvested
within 24 h of spraying and 1 and 2 wk after spraying.
Because of the reduced amount of protein remaining
after weathering, protein and sugar were added to the
cages 4 h after initial exposure of ßies to the coffee
branches that had weathered for 2 wk.

Statistical Analysis. We used subsample replication
of the multiple traps within each Þeld to construct

pointwise bias-corrected and accelerated bootstrap
conÞdence intervals that were then used to compare
the treatment and control Þelds (Efron andTibshirani
1993). Formally, for each iteration of the bootstrap, at
each time t and for each treatment Þeld separately, a
random sample (with replacement) of size Ni was
taken from the trap-catch data collected in the ith

treatment Þeld, where Ni is the total number of traps
in the ith treatment Þeld. Similarly, a random sample
was taken of size Ni from the trap-catch data of a
previously chosen sample taken from the control
Þelds. (Before the bootstrap, rather than match the ith

treatment Þeld with a speciÞc control Þeld, a random

Fig. 3. (A) Trap catch in sprayed control Þelds relative to trap catch of unsprayed controls (trap catch in sprayed control
Þelds divided by trap catch in unsprayed control Þelds). Bootstrap estimate of pointwise mean ratio of trap catch in the given
treatment Þelds divided by random subsets of trap catch chosen from the control Þelds 1, 3, 11 (Efron and Tibshirani 1993)
are given in bold, and bootstrap conÞdence intervals (0.05, 0.95) of mean ratio given in light lines, both plotted against date.
(BÐD) Comparison among treatments. (B) A bootstrap estimate of pointwise mean ratio of trap catch in malathion divided
by trap catch in the phloxine B Þelds. Bootstrap estimate and conÞdence intervals (0.05, 0.95) of mean ratio plotted against
date. Similarly, (C) comparison of spinosad andmalathion. (D)The ratio of trap catches in phloxineB (Þelds 5 and 8) divided
by those in spinosad (Þelds 7 and 9). Spray dates are marked by inverted triangles on y-axis 5 1.0 reference line. If the
conÞdence band does not overlap the y-axis 5 1.0, then there is a statistical difference between ßy catches in the two
treatments being compared. Bootstrap conÞdence intervals are not symmetric. (A) Demonstrates there is no signiÞcant
difference between the two types of control Þeld plots. (B) and (C) demonstrate that malathion signiÞcantly reduced the
population compared with phloxine B and spinosad, respectively. (D) Except at two time periods, there is no statistical
difference in control between spinosad and phloxine B.
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sample of Ni traps was drawn from any of the un-
sprayed control Þelds 1, 3, or 11 [Fig. 1]. This con-
structed a control Þeld sample with the same number
of traps as the treatment Þeld.) From these two sam-
ples the statistic

ui 5
(j51

Ni tij

(k51
Ni ck

was computed, where tij is the total number of ßies
found in the jth trap in the random sample drawn from
the ith treatmentÞeld, and ck is the totalnumberofßies
found in the kth trap in a random sample from the
previously selected subset of unsprayed control Þelds.
Thiswas repeated for a total of 1,000bootstrap samples
and estimates of the mean ui and the 0.05 and 0.95
conÞdence intervals were constructed. Because the
estimates of these parameterswere basedon a random
sample of the control Þelds, this was repeated 100
times and the average of the parameters was used for
reporting the results. If ui and its conÞdence bands are
found below 1.0 that implies that the ßies captured in
treatment Þelds were statistically different from those
caught in the unsprayed control Þelds. S11 (S-PLUS
1998) and a bootstrapmodule developedbyEfron and
Tibshirani (1993) were used for these analyses.

Results

Based on trap data from the treatment Þelds (Þelds
5Ð10; Fig. 1), all three of thepesticides testedprovided
signiÞcant levels of fruit ßy suppression compared
with unsprayed control Þelds (Fig. 2). There was no
statistical difference in trap catches between the un-
sprayed control and bait-sprayed control Þelds (Fig.
3A). At the start of the test, the malathion Þelds had
signiÞcantly fewer ßies than the unsprayed control
Þelds (Fig. 2 A and B). In addition, Fig. 2 AÐC suggest
that some of the populations had begun to rise more
slowly than the control populations. This was caused
in part because the coffee began to ripen earlier in the
upper control Þelds 1Ð4 than it did down in the gulch
(Þelds 5Ð11) and earlier in the southern part of the
gulch than in the northern. As a result, the population
in the controls began to grow more rapidly than the
northern half of the treatment Þelds. However, in
unsprayed control Þeld 11, which is adjacent to mal-
athion-treated Þeld 10 and is the northernmost Þeld in
the gulch (Fig. 1), ßy trap catches continued to grow
and by 9 November they were not statistically differ-
ent from the controls in Þelds 1 and 3, suggesting that

had Þeld 10 not been treated with malathion, the trap
catcheswouldhaveequaled those seen incontrols and
the level of population reduction observed in Fig. 2
AÐC is representative of the treatment effect.

Table 1 gives the median (25th and 75th quartiles)
of the average daily catch of the fruit ßies over the
course of the study. Trap catch from9 to 30November
in the treatment Þelds was very low: less than one ßy
per trap per day comparedwith an average of .22 and
.28 ßies per trap per day in the bait sprayed and
unsprayed controls, respectively. Heavy rains in early
December affected all of the treatments and led to
Mediterranean fruit ßy population increases in all of
the treatment Þelds (Fig. 4; Table 1). These increases
are not unexpected because rains potentiallywash the
bait spray from the leaves of the treated coffee plants.
The population increase was most pronounced in the
spinosad Þelds, but none of the population increases
were signiÞcant compared with those in the control
populations. After the rainy period (22 DecemberÐ11
January) ended the populations in the controls in-
creased, but not to the level seen in the Þrst 3 wk of
the spray. This may be caused, in part, by increased
movement of the ßies. Most of the fruit had ripened in
the controls and much of the remaining available fruit
was found in the gulch (which might have attracted
the ßies), thus potentially increasing trap catches.

When trap catches in spinosad andphloxineBÞelds
were compared with those in malathion Þelds, mala-
thion was more effective than spinosad during the
entire course of the experiment and more effective
than phloxine B in 4 of the 8 wk of spray (Fig. 3 B and
C). The spinosad treatment Þelds had signiÞcantly
more ßies before the start of the study, however,
making interpretation problematic. For most weeks
there was no signiÞcant difference between popula-
tion suppression in the spinosad and phloxine B Þelds
(Fig. 3D).

Fly emergence data from fruit collections provides
qualitative information indicating that all of the pes-
ticides were effective in reducing the ßy numbers to
the level atwhichoviposition rateswere reduced(Fig.
5). In these data, it was much less clear which of the
toxicants was the most effective, although the popu-
lation in the malathion Þelds was lower on all but two
of the spray dates. For spinosad and phloxine B treat-
ment Þelds no clear pattern emerges.

Oriental fruit ßy, Bactrocera dorsalis Hendel, was
also found to infest these coffee Þelds. In coffee cher-
ries on Kauai, the abundance of this species typically

Table 1. Median (25th, 75th quartiles) daily trap catch by treatment in plots 1-11 and by three periods defined by heavy rains occurring
midway through spray test: 9–30 November (prior to rain effect), 1–21 December (during rain effect), and 22 December–11 January
(after rain effect)

Treatment 9 Nov.Ð30 Nov. 1 Dec.Ð21 Dec. 22 Dec.Ð11 Jan.

Malathion 0.0 (0.0, 0.143) 0.714 (0.143, 1.286) 0.429 (0.143, 0.926)
Spinosad 0.857 (0.286, 1.571) 3.143 (1.143, 5.714) 1.643 (0.429, 3.0)
Phloxine B 0.714 (0.143, 1.0) 1.429 (0.286, 3.429) 0.429 (0.0, 1.286)
Sprayed control 22.929 (17.214, 28.5) 40.286 (31.214, 54.786) 17.215 (9.643, 25.286)
Unsprayed control 28.857 (21.571, 38.286) 43.214 (26.929, 47.214) 22.643 (10.643, 35.286)
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declines as the coffee cherries ripen and there is a
concurrent dramatic increase in Mediterranean fruit
ßy populations. In this study, oriental fruit ßy abun-
dance, as a percentage of all fruit ßies recovered from
coffee, dropped from a prespray average of 10.4 and

11.6% in the sprayed and unsprayed control Þelds,
respectively, to only 1.2 and 2.2% from the start of
spraying to the end of fruit collections. Because of the
generally low levelsoforiental fruitßy, combinedwith
its natural seasonal decline in abundance, we cannot

Fig. 4. Averagenumberofßies caughtper trap for eachof the treatments over thecourseof theexperimentplottedagainst
date. Average daily rainfall for each day of the experiment in the lower Þelds (Þelds 5Ð11; Fig. 1) is plotted in the upper right
corner.

Fig. 5. Log10 of the number (10.5) of C. capitata per kilogram of coffee recovered from sampled coffee fruit averaged
across treatment Þelds over the course of the experiment and plotted against date (Þelds 1Ð11; Fig. 1).
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report here on the effects of the spray treatments on
this species.

Cage tests showed that the wild ßies did consume
the bait and were effected by the treatments (Fig. 6).
After 6 h of exposure to leaves harvested within 24 h
of spraying, mortality rates were 100, 56.5, and 40.1%
for malathion, spinosad, and phloxine B treatments,
respectively, whereas mortality rates for unsprayed
and bait sprayed controls were only 13.4 and 2.6%,
respectively.Weathering reduced the effectiveness of
spinosad andphloxineB treatmentsmorequickly than
the malathion treatment. After 6 h of exposure to
leaves harvested 1 and 2 wk after spraying, mortality
rates in the malathion treatment remained high (82.8
and 95.8%, respectively), whereas mortality rates av-
eraged 20% for spinosad and 25% for phloxine B for
both weeks. Comparable unsprayed and bait sprayed
control mortalities were low (7.3 and 5.0%, respec-
tively) after 1 wk, but higher after 2 wk (14.8 and
22.0%, respectively), closer to the 2-wk values with
spinosad and phloxine B.

Wesuggest that thedifference inmortality rates and
mortalities was the result of ßies being constrained in
the cages, the different pesticide modalities, and the
different levels of feeding. Phloxine B must be con-
sumed to be effective and spinosad is most effective
when consumed although it does have some contact
toxicity, whereas malathion has fumigant toxicity in
addition to contact and consumption toxicity.

Putting the emergence data and the trap data to-
gether indicates that although malathion was the most
effective treatment, impressive levels of control were

reached by both spinosad and phloxine B. It must be
kept in mind that these pesticides were bait sprays
applied in narrow bands under the coffee leaves once
a week. Unlike malathion, which was applied at a very
high rate and has fumigant, contact and feeding tox-
icity, for spinosad (which has some contact toxicity)
and especially for phloxine B, the ßies were required
to locate and eat the presented bait before they were
killed. Given the complexities of climate, weather, the
ecological population dynamics of the wild ßies, the
unknown inßuences of individual movement, and the
variation in spraying conditions, these levels of control
are remarkable.

One concern with this study is that we had no
information on the movement of ßies among treat-
ments andwhat effectmovementmayhavehadonour
results. For example, if malathion were the only ef-
fective treatment and servedas a sink(considering the
Þelds as independent source-sink populations) it is
conceivable that ineffective treatments may have
looked effective because all the ßies were moving
through the malathion treatment. However, Þeld 11
was themost isolatedof the controls andwasbordered
on three sides bynonhost andby the largestmalathion
Þeld in the study on the other. The population in this
unsprayed control Þeld (Þeld 11) remained high
throughout the study as did the other unsprayed con-
trol Þelds which bracket the two replications of treat-
ment Þelds within the gulch.

These results give strongevidence that spinosadand
phloxine B are potential malathion replacements.
Both of these toxins were found to be effective, sub-

Fig. 6. Percentage mortality of ßies exposed in cages to leaves treated with treatment pesticides. Leaves were treated in
the Þeld and left to weather for 24 h (A), 1 wk (B), and 2 wk (C) before removal from the trees and presented to ßies.
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stantially less toxic to humans and other vertebrates
than malathion, applied at substantially lower rates,
and expected to have fewer adverse effects on non-
target species. The use of phloxine B in aerial appli-
cations, however, may be limited to nonurban areas
because of public reaction to a dye being sprayed on
cars, houses, and other personal property.

These alternatives may be especially appealing if
used in combination with sterile insect technique,
where large numbers of reproductively sterilized in-
sects are released to reduce the chance of wild insects
Þnding viable mating partners. Sterile insect tech-
nique is known to be most effective when fruit ßy
populations are low (Gilmore 1989). We suggest that
the strategy of Þrst knocking the population down
with one of these alternative pesticides, then using
sterile insect technique to restrict the mating oppor-
tunities of the remaining wild ßies has potential to
suppress the population to even lower levels than
found with malathion alone.

Despite our optimism about the use of these alter-
natives, malathion reduced the population to a lower
level. Given the consequences of the Mediterranean
fruit ßy becoming established in the continental
United States, care needs to be taken in moving for-
ward with these new environmentally safer com-
pounds. We recommend that any control of a Medi-
terranean fruit ßy incursion should be attempted Þrst
with these environmentally safer alternatives, but it
wouldbepremature for theEnvironmental Protection
Agency to completely restrict malathion from action
agencyuse should these alternatives prove inadequate
during the eradication of a Mediterranean fruit ßy
invasion. Thepotentialworth of these alternativeswill
remain unknown until they are tried in a genuine
eradication effort. It is unlikely that an experimental
system that exactly mimics a Mediterranean fruit ßy
invasion will ever be possible. Doing an experiment
such as this in an urban setting, where Mediterranean
fruit ßy invasions usually occur, would be impractical
both ethically and logistically. Therefore, until these
pesticides are tried in situ their potential for eradica-
tion use will remain a matter of speculation, despite
any number of tests such as this that show their ex-
pected worth.
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1996. Laboratory evaluation of the novel naturally de-
rived compound spinosad against Ceratitis capitata. Pes-
tic. Sci. 48: 261Ð268.

Anonymous. 1982. Fed. Reg. 47: 42566Ð42569.
Buchinger,D. 1996. California industry comments, pp. 531Ð

532. In B. A. McPheron and G. J. Steck [eds.], Fruit ßy
pests: a world assessment of their biology and manage-
ment. St. Lucie Press, Delray Beach, FL.

California Department of Food and Agriculture. 1994. Fi-
nal programmatic environmental impact report for the
exotic fruit ßy eradication program using aerial applica-
tionofmalathionandbait.CaliforniaDepartmentofFood
and Agriculture, Sacramento.

Carey, J. J. 1991. Establishment of the Mediterranean fruit
ßy in California. Science (Wash. DC) 253: 1369Ð1373.

Cohen, E., H. Podoler, and M. El-Hamlauwi. 1987. Effects
of the malathion-bait mixture used on citrus to control
Ceratitis capitata (Wiedemann) (Diptera: Tephritidae)
on the Florida red scale, Chrysomphalus aonidum (L.)
(Hemiptera: Diaspididae), and its parasitoid Aphytis ho-
loxanthus DeBach (Hymenoptera: Aphelinidae). Bull.
Entomol. Res. 77: 303Ð307.

Daane, K. M., D. L. Dahlsten, and S. H. Dreistadt. 1990.
Effects of Mediterranean fruit ßy malathion bait spray on
the longevity and oviposition of parasitoids of linden and
tuliptree aphids (Homoptera: Aphididae). Environ. En-
tomol. 19: 1130Ð1134.

DowElanco. 1994. Spinosad technical guide. DowElanco,
Indianapolis, IN.

Dowell, R. V. 1988. Exclusion, detection, and eradication of
exotic fruit ßies in California, pp. 98Ð112. In M. T. AliNi-
azee [ed.], Ecology and management of economically
important fruit ßies. Special report 830. Agricultural Ex-
periment Station, Oregon State University, Corvallis.

Dowell, R. V. 1995. Alternatives to aerialmalathion and bait
sprays, pp. 49Ð58. In J.G.Morse,R. L.Metcalf, J. R.Carey,
and R. V. Dowell [eds.], The Mediterranean fruit ßy in
California: deÞning critical research. University of Cali-
fornia, Riverside.

Dowell, R. V. 1997. Laboratory toxicity of a photo activated
dye mixture to six species of beneÞcial insects. J. Appl.
Entomol. 121: 271Ð274.

Dowell, R. V., I. A. Siddiqui, F. Meyer, and E. L. Spaugy.
1999. Early results suggest sterile ßies may protect S.
California from medßy. Calif. Agric. 53: 28Ð32.

Ehler, L. E., and P. C. Endicott. 1984. Effect of malathion-
bait sprays on biological control of insect pests of olive,
citrus and walnut. Hilgardia 52: 1Ð47.

Efron, B., and R. J. Tibshirani. 1993. An introduction to the
bootstrap. Chapman & Hall, New York.

Epsky, N. D., J. Hendrichs, B. I. Katsoyannos, L. A. Vasquez,
J. P. Ros, A. Zumreoglu, R. Pereira, A. Bakri, S. I. See-
wooruthun, and R. R. Heath. 1999. Field evaluation of
female-targeted trapping systems for Ceratitis capitata
(Diptera: Tephritidae) in seven countries. J. Econ. En-
tomol. 92: 156Ð164.

Flessel, P., P.J.E. Quintana, and K. Hooper. 1993. Genetic
toxicity of malathion: a review. Environ. Mol. Mutagen.
22: 7Ð17.

Fondren, J. E., and J. R. Heitz. 1978. Light intensity as a
critical parameter in the dye- sensitized photooxidation
of the house ßy, Musca domestica. Environ. Entomol.
7:891- 894.

Gilmore, J. E. 1989. Sterile insect technique (SIT). Over-
view,pp. 353Ð363. InA.S.RobinsonandG.Hooper[eds.],

288 JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 93, no. 2



Fruit ßies: their biology, natural enemies and control.
Elsevier, New York.

Heitz, J. R. 1995. Pesticidal applications of photoactivated
molecules, pp. 1Ð16. In J. R. Heitz and K. R. Downum
[eds.], Light-activated pest control. ACS Symposium Se-
ries 616. American Chemical Society, Washington, DC.

Hoelmer, K. A., and D. L. Dahlsten. 1993. Effects of mala-
thion bait spray on Aleyrodes spiraeoides (Homoptera:
Aleyrodidae) and its parasitoids in Northern California.
Environ. Entomol. 22: 49Ð56.

Hoy, J. B., and D. L. Dahlsten. 1984. Effects of malathion
and StaleyÕs bait on the behavior and survival of parasitic
hymenoptera. Environ. Entomol. 13: 1483Ð1486.

King, J. R., and M. K. Hennessey. 1996. Spinosad bait for the
Caribbean fruit ßy (Diptera: Tephritidae). Fla. Entomol.
79: 526Ð531.

Liquido, N. J., P. G. Barr, and R. T. Cunningham. 1997.
Medhost: an encyclopedic bibliography of the host plants
of the Mediterranean fruit ßy, Ceratitis capitata (Wiede-
mann) (electronic database/program). ARS-144. USDA-
ARS, Washington DC.

Liquido, N. J., G. T. McQuate, and R. T. Cunningham. 1995.
Light-activated toxicity of phloxine B and uranine to
Mediterranean fruit ßy, Ceratitis capitata (Wiedemann)
(Diptera: Tephritidae), adults, pp. 82Ð105. In J. R. Heitz
and K. R. Downum [eds.], Light-activated pest control.
American Chemical Society Symposium Series 616.
American Chemical Society, Washington, DC.

Marty,M.A., S.V.Dawson,M.A.Bradman,M.E.Harnly, and
M. J. Dibartolomeis. 1994. Assessment of exposure to
malathion and malaoxon due to aerial application over
urban areas of Southern California. J. Exp. Anal. Environ.
Epidemiol. 4: 65Ð81.

Messing, R. H., A. Asquith, and J. D. Stark. 1995. Effects of
malathionbait spraysonnontarget insects associatedwith

corn in Western Kauai, Hawaii. J. Agric. Entomol. 12:
225Ð265.

Plant, R. E., and R. T. Cunningham. 1991. Analyses of the
dispersal of sterileMediterranean fruit ßies released from
a point source. Environ. Entomol. 20: 1493Ð1503.

S-PLUS. 1998. Professional 4.5, release 2. MathSoft, Seattle,
WA.

Schroder, R.P.W., A. B. DeMilo, C. Lee, and P. A. Martin.
1998. Evaluation of a water- soluble bait for corn root-
worm (Coleoptera: Chrysomelidae) control. J. Entomol.
Sci. 33: 355Ð364.

Siebert, J. B., and T. Cooper. 1995. Embargo on California
produce would cause revenue, job loss. Calif. Agric. 49:
7Ð12.

Sparks, T. C., G. D. Thompson, H. A. Kirst, M. B. Hertlein,
L. L. Larson, T. V. Worden, and S. T. Thibault. 1998.
Biological activity of the spinosyns, new fermentation
derived insect control agents on tobacco budworm (Lep-
idoptera: Noctuidae) larvae. J. Econ. Entomol. 91: 1277Ð
1283.

Troetschler, R. G. 1983. Effects on nontarget arthropods of
malathion bait sprays used in California to eradicate the
Mediterranean fruit ßy, Ceratitis capitata (Wiedemann)
(Diptera: Tephritidae).Environ.Entomol. 12: 1816Ð1822.

Vargas, R. I., W. A. Walsh, and T. Nishida. 1995. Coloniza-
tion of newly planted coffee Þelds: dominance of Medi-
terranean fruit ßy over oriental fruit ßy (Diptera: Te-
phritidae). J. Econ. Entomol. 88: 620Ð627.

White, I. M., and M. M. Elson-Harris. 1992. Fruit ßies of
economic signiÞcance: their identiÞcation and bionom-
ics. CAB, Oxon, UK.

Received for publication 13 September 1999; accepted 9
December 1999.

April 2000 PECK AND MCQUATE: MALATHION REPLACEMENTS FOR FRUIT FLY SUPPRESSION 289


